Birt-Hogg-Dube´(BHD) syndrome is a tumor-suppressor gene disorder characterized by skin tumors, cystic lung disease and renal cell carcinoma. Very little is known about the molecular pathogenesis of BHD. Clinical similarities between BHD and tuberous sclerosis complex (TSC) suggest that the BHD and TSC proteins may function within a common pathway. The TSC proteins inhibit the activity of the mammalian target of rapamycin complex 1 (TORC1), and in Schizosaccharomyces pombe, Bhd and Tsc1/Tsc2 have opposing roles in the regulation of amino-acid homeostasis. We report here that in mammalian cells, downregulation of BHD reduces the phosphorylation of ribosomal protein S6, an indicator of TORC1 activity. To determine whether folliculin, the product of the BHD gene, regulates mammalian target of rapamycin activity in vivo, we generated a mouse with targeted inactivation of the Bhd gene. The mice developed spontaneous oncocytic cysts and tumors composed of cells that resemble the renal cell carcinomas in BHD patients. The cysts and tumors had low levels of phospho-S6. Taken together, these data indicate that folliculin regulates the activity of TORC1, and suggest a new paradigm in which both inappropriately high and inappropriately low levels of TORC1 activity can be associated with renal tumorigenesis.
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Introduction
Birt-Hogg-Dube´(BHD) syndrome is an autosomal dominant disorder characterized by hamartomas of skin follicles, spontaneous pneumothorax and renal cell carcinoma (RCC) (Birt et al., 1977; Toro et al., 1999; Zbar et al., 2002) . Unlike most other genetic disorders associated with renal tumors, BHD patients develop multiple histological tumor types, including oncocytomas (which are considered benign) and chromophobe, clear cell and papillary carcinomas . The BHD gene was cloned in 2002 (Nickerson et al., 2002) . Nearly all reported human germ-line BHD mutations are predicted to result in premature protein truncation (Khoo et al., 2002; Nickerson et al., 2002; Painter et al., 2005; Schmidt et al., 2005; Vocke et al., 2005) . Inactivating mutations of the remaining allele have been identified in renal carcinomas from BHD patients, indicating that BHD is a tumor-suppressor gene (Vocke et al., 2005) .
BHD encodes a 64-kDa protein, folliculin (FLCN), which has no significant homology to other human proteins. The function of folliculin is not completely understood. Two folliculin interacting proteins have been reported, FLCN-interacting protein 1 (FNIP1) and its homolog FLCN-interacting protein 2 (FNIP2/ FNIPL) (Baba et al., 2006; Hasumi et al., 2008; Takagi et al., 2008) . Both FNIP1 and FNIP2 interact with AMP-activated protein kinase (AMPK), suggesting that folliculin, FNIP1 and FNIP2 may be involved in energy or nutrient sensing through the AMPK and mammalian target of rapamycin (mTOR) signaling pathways (Baba et al., 2006; Hasumi et al., 2008; Takagi et al., 2008) .
The clinical hallmarks of BHD, including facial hamartomas (folliculomas), lung cysts, pneumothorax and renal tumors, are similar to certain manifestations of tuberous sclerosis complex (TSC). TSC is a tumorsuppressor gene syndrome caused by mutations in the TSC1 or TSC2 gene (European Chromosome 16 Tuberous Sclerosis Consortium, 1993; van Slegtenhorst et al., 1997; O'Callaghan et al., 1998) . TSC patients can develop facial hamartomas (angiofibromas), renal angiomyolipomas and less frequently oncocytomas and renal carcinomas, including clear cell and chromophobe subtypes (Barbour and Casali, 1978; Henske et al., 1995 Henske et al., , 1996 Crino et al., 2006) . Women with TSC can develop lymphangioleiomyomatosis, which is associated with cystic lung disease and pneumothorax (Smolarek et al., 1998; Urban et al., 1999; Carsillo et al., 2000) .
The clinical similarities between TSC and BHD suggest that folliculin and the TSC proteins may function within a common cellular pathway. The TSC1 and TSC2 proteins, hamartin and tuberin, respectively, heterodimerize and inhibit mTOR by the small GTPase Rheb, which is the target of tuberin's highly conserved GTPase-activating domain (Castro et al., 2003; Garami et al., 2003; Inoki et al., 2003; Saucedo et al., 2003; Stocker et al., 2003; Zhang et al., 2003; Tee et al., 2003b) . Expression profiling of Schizosaccharomyces pombe yeast containing deletions of either the Tsc or Bhd genes revealed that multiple amino-acid permeases and transporters that are downregulated in Dtsc1 and Dtsc2 are upregulated in Dbhd, and that Dbhd S. pombe have elevated intracellular levels of specific amino acids that are low in Dtsc1 and Dtsc2 (van Slegtenhorst et al., 2007) . These data indicate that in yeast Bhd and Tsc1/Tsc2 function in common pathways, but surprisingly with opposing roles.
We report here that downregulation of BHD in mammalian cells leads to mTOR inhibition. Moreover, mice carrying a Bhd mutation develop oncocytic renal tumors resembling those found in BHD patients, and the tumors have low levels of phosphorylation of ribosomal protein S6, an indicator of low mTOR activity. These data suggest that both inappropriate mTOR inhibition in BHD and inappropriate mTOR activation in TSC are associated with renal tumorigenesis.
Results
BHD mRNA is highly expressed in testis, ovary, brain and lung, and in glioblastoma-derived cell lines To define the expression pattern of BHD in human tissues, we used quantitative real-time RT-PCR (qRT-PCR) to compare BHD mRNA levels in 20 different normal human tissues, using RNA specimens pooled from at least 3 donors (Ambion, Austin, TX, USA). The highest levels of BHD transcript were found in testis, ovary, brain and lung (Figure 1a ). The level in the kidney was approximately 45% of that in the testis, and the liver (which had the lowest level of BHD transcript) was approximately 25% of the testis. Our qRT-PCR results of the tissue-specific expression of BHD mRNA vary somewhat from a recently published study by Hasumi et al. (2008) that found the highest levels of expression in the pituitary gland, cervix and pancreas. These differences are possibly due to different sources of tissue mRNA. We next tested 19 human cancer cell lines derived from ovary, brain and lung, to identify those with high levels of endogenous BHD expression for further experiments. The two cell lines with the highest levels of BHD expression were both glioblastoma derived: SF-268 and U251 (Figure 1b) , with levels 4-to 6-fold higher than a kidney-derived cell line, CAKI-1.
BHD downregulation inhibits the phosphorylation of ribosomal protein S6 As noted earlier, in S. pombe the BHD homolog functions in a pathway that opposes the evolutionarily conserved Tsc1/Tsc2/Rheb/Tor2 pathway. To determine whether folliculin functions in a pathway opposing that of TSC in mammalian cells, we treated U251 cells with TSC2, BHD or control small-interfering RNA (siRNA), and used levels of phospho-ribosomal protein S6 (Ser 235/236) to monitor the levels of mTOR activity. Downregulation of TSC2 enhanced phospho-S6 levels relative to control siRNA, as expected based on the TSC/Rheb/TORC1 signaling pathway, whereas downregulation of BHD decreased phospho-S6 levels in serum starvation conditions (Figure 2a ). To confirm this in a different cell type, we downregulated BHD in human embryonic kidney (HEK) 293 cells. Downregulation of BHD again resulted in a decrease in phospho-S6 (Figure 2b ). These data suggest that in mammalian cells, folliculin and the TSC proteins have opposing roles in target of rapamycin complex 1 (TORC1) regulation, similar to S. pombe. Finally, to determine whether folliculin regulates mTOR activation in a human kidney epithelial cell line, we downregulated BHD in HK-2 cells. As in U251 and HEK293 cells, folliculin downregulation reduced phospho-S6 levels in serum starvation conditions (Figure 2c ). Folliculin downregulation also decreased phospho-S6 in HEK293 and U251 cells grown in full serum. Interestingly, levels of endogenous folliculin appeared to decrease after 15 min of serum stimulation in HK-2 cells (Figure 2c compare lanes 3 and 5). To determine if this was cell type specific, we stimulated U251 cells with serum and again observed lower endogenous folliculin levels after serum stimulation (Figure 2d compare lanes 4 and 6).
Development of mice with targeted disruption of Bhd These results in cell culture systems suggested that cells with folliculin downregulation have decreased levels of TORC1 activity. To determine whether this is also true in vivo, we generated mice with targeted inactivation of Bhd using an embryonic stem (ES) cell line from BayGenomics. This ES cell line was created using a gene trap vector technique and contains a bgeo (bgalactosidase/neomycin) cassette integrated between exons 8 and 9 in the Bhd gene, resulting in a truncated folliculin protein (Figure 3a) . Disruption of Bhd mRNA by the gene trap vector in the ES cells was confirmed by reverse transcription (RT)-PCR using an upstream primer in Bhd exon 7 and a downstream primer in the b-gal sequence of the gene trap. The Bhd mutant RT-PCR band (366 bp) can be distinguished from wild-type Bhd using a downstream primer in exon 9, which results in a 250 bp RT-PCR product (Figures 3b and c). When Bhd heterozygotes are mated, litters consist of a ratio of B33% wild-type and B67% of Bhd heterozygous pups. No Bhd homozygous mutant pups were identified. To confirm reduced levels of Bhd mRNA in the heterozygous mice compared to wild-type mice, we isolated RNA from the kidneys of age-matched Bhd þ /À and Bhd þ / þ mice and Bhd levels were measured using real-time RT-PCR, targeting the junction of exons 9 and 10. As expected, Bhd þ /À mice had about 50% as much Bhd mRNA as wild-type mice (0.52±0.13 relative mRNA levels in the Bhd þ /À mice compared to 0.99 ± 0.20 in the Bhd þ / þ mice). The Bhd heterozygous mice had no obvious physical or behavioral abnormalities relative to their wild-type littermates. Seven Bhd þ /À mice were killed between 3 and 6 months of age. No macroscopic abnormalities were observed in any organ. Microscopic examination of the kidneys revealed cysts and solid tumors. Four of these mice (57%) had a single renal cyst, with an average diameter of 0.4 mm (range 0.1-0.6 mm), and one, which was 5 months old, had a 0.3 mm solid tumor (Table 1) . Both the solid tumor ( Figure 4b ) and the cysts ( Figure 4c ) were composed of oncocytic cells with foamy-appearing cytoplasm, perinuclear clearing and uniform-appearing nuclei, resembling oncocytoma cells.
Twenty-four Bhd þ /À mice were killed between 9 and 17 months of age. No macroscopic abnormalities were observed in any organ except the kidneys, which had small but visible cysts ( Figure 4a ). Microscopically, both cysts and tumors were observed in the kidneys. Eleven Bhd þ /À mice (45%) had cysts (range 1-11 cysts per mouse; Table 1) , with an average diameter of 0.8 mm (range 0.1-2.1 mm). The cysts had oncocytic cells similar to those in the younger mice. One 13-month-old mouse had multiple oncocytic cysts and two solid renal tumors (0.5 and 1.5 mm), both in the same kidney, the larger of which was associated with a cyst (Figure 4d ). Both tumors in this mouse were composed of nests of cells with foamy cytoplasm and perinuclear clearing, similar to the oncocytoma-like cells observed in the 5-monthold mouse, but with more pleomorphism and nuclear irregularity, resembling a chromophobe renal carcinoma ( Figure 4e ). A small oncocytic tumor (0.4 mm) associated with an oncocytic cyst with papillary projections was also observed in a 16-month-old Bhd þ /À mouse, along with three other oncocytic cysts. As a control, kidneys from 5 Bhd þ / þ mice age 3-6 months and 10 Bhd þ / þ mice age 9-17 months were analysed. No tumors were identified. One mouse, age 17 months, had a single 0.3 mm cyst that lacked the oncocytic features noted in the Bhd þ /À cysts ( Table 1 ). The lung, skin, heart, liver and spleen of eleven 9 to 17-month-old Bhd þ /À mice were examined microscopically. Five of eleven mice (age 13-17 months) showed diffuse lymphoproliferative disease in several organs. Three of these mice had abundant small cell lymphoma infiltrates in lungs, thymus and lymph nodes, whereas two mice had moderate to intense lymphoid hyperplasia in lymph nodes, lungs and kidneys. These latter cases were interpreted as consistent with early lymphoma. One mouse (17 months) exhibited splenomegaly and microscopically showed mild lymphoid hyperplasia also in lymph nodes. One mouse (16 months) had an 8 mm primary lung adenocarcinoma, and another mouse (10 months) had a 0.3 mm lung adenoma. All of these lesions are frequently seen in aging mice and may represent background incidence for this strain (Stutman, 1975; Harvey et al., 1993; Mohr et al., 1996; Babbitt et al., 2000) . For example, Babbitt et al. found a 34.7% incidence of lymphoma in control C57BL/6 at the time of killing at 30 months of age.
ENU enhances renal cyst formation in Bhd þ /À mice Exposure of Tsc1 þ /À and Tsc2 þ /À mice and rats to the mutagen ENU (N-ethyl-N-nitrosourea) has been shown to accelerate renal tumor and cyst development (Hino et al., 1993; Kobayashi et al., 1999 Kobayashi et al., , 2001 . To determine if exposure to ENU accelerates tumor formation in this Bhd model, we intraperitoneally injected pregnant Bhd þ /À mice with 50 mg/kg body weight ENU at embryonic day E14. Progeny mice were killed at 3-5 months of age. A roughly Mendelian ratio of Bhd genotypes was observed, with B33% wild-type pups, B67% heterozygous pups and no homozygous Bhd null pups. Two of the ENU-treated wild-type mice developed a single renal cyst, and neither had an oncocytic appearance (Figure 5a ). Sixteen of 17 (94%) of the ENU-treated Bhd þ /À mice developed between 1 and 14 cysts (average 5.5 cysts per mouse) ranging from 0.1 to 1.9 mm in diameter ( Table 2 ). The cysts in the ENUtreated Bhd þ /À mice were lined by oncocytic cells with uniform, round nuclei (Figures 5b-e) .
Two of the ENU-treated Bhd þ /À mice developed solid renal tumors. One mouse had two small oncocytic tumors (0.2 and 0.4 mm in diameter) at age 3 months, one of which was associated with a small oncocytic cyst (Figure 5f ). This mouse had eight other oncocytic cysts elsewhere in the kidneys. The other mouse, which was 3.5 months old, had a 0.5 mm tumor (Figure 5g ) that resembled the spontaneous chromophobe-like tumors in the 13-month-old untreated mouse (Figures 4d and e) . The 3.5-month-old ENU-treated mouse also had five oncocytic cysts (Figures 5h and i) . Interestingly, a 14-month-old female that was injected with ENU during pregnancy at 8 months of age had one enlarged kidney (18 Â 13 Â 12 mm) containing a 0.4 mm oncocytic tumor and four oncocytic cysts (range 0.1-12 mm), and a second normal-sized kidney (12 Â 5 Â 4 mm) with four oncocytic cysts and a 0.1 mm oncocytic tumor. No ENU-treated wild-type littermates developed solid renal tumors.
Bhd
þ /À tumors have low phospho-S6 levels To determine whether the mTOR pathway is dysregulated in renal cysts and tumors in Bhd þ /À mice, we stained paraffin-embedded tissue specimens from three separate mice with cysts and tumors with anti-phospho-S6 ribosomal protein (Ser 235/236). The oncocytic cells lining the cysts were uniformly negative for phospho-S6 (Figures 6a-c) . Some normal tubules showed moderate positivity, providing an internal control for the antibody (Robb et al., 2007) . The spontaneous tumor from the untreated 13-month-old Bhd þ /À mouse was completely negative for phospho-S6 staining (Figures 6d and e) . Adjacent normal tubules with moderate positivity again provided an internal positive control (Figure 6d ). Phospho-S6 staining in the tumor from the 3.5-monthold ENU-treated Bhd þ /À mouse was almost entirely negative (Figure 6f) , although occasionally cells showed 1 þ positivity. Phospho-S6 staining of wild-type mice treated with ENU showed similar positive staining of a fraction of normal tubules (Figures 6g-i) .
Discussion
We report here that downregulation of folliculin leads to lower levels of phospho-ribosomal protein S6 both in cell culture and in mice with heterozygous inactivation of Bhd. This is both an expected and a surprising result. We had previously found that in S. pombe, the Bhd and Tsc homologs function in opposing pathways. Because downregulation of the TSC proteins leads to Tor activation in S. pombe as well as in mammalian cells, our finding that downregulation of BHD leads to mTOR inhibition was consistent with the S. pombe results. However, the fact that BHD downregulation leads to TORC1 inhibition in vitro and in mice carrying targeted inactivation of Bhd is surprising for multiple reasons. First, because TSC and BHD patients develop hamartomatous skin tumors, lung cysts and renal tumors, one might expect the TSC proteins and folliculin to have similar effects on mTOR activity. Second, Baba et al. (2006) found that BHD patientderived UOK257 cells lacking folliculin had higher levels of mTOR activation than UOK257 cells reexpressing folliculin. Third, two groups have reported that mice with targeted inactivation of Bhd in the kidney (by a cadherin 16 (KSP)-Cre transgene) develop massively cystic kidneys with increased phosphorylation of ribosomal protein S6 Chen et al., 2008) , and that renal carcinomas from BHD patients have weak to moderate staining of phospho-mTOR .
However, alongside these data suggesting that loss of BHD results in mTOR activation, there are other indications that the relationship between folliculin and mTOR is complex. For example, Baba et al. found that cells lacking BHD had lower levels of mTOR activation than cells reexpressing BHD in a specific cellular condition (deprivation of amino acids), and Takagi et al. (2008) recently reported that in HeLa cells, siRNA downregulation of BHD causes a reduction in phospho-S6 kinase (Thr 389), although the serum conditions for these experiments were not specified.
The reasons for these different effects of folliculin on mTOR are not yet clear. One possibility is that the earliest impact of BHD loss results in mTOR inhibition, consistent with the S. pombe data, and that subsequent events associated with tumor progression activate mTOR. Consistent with this notion, Baba et al. (2008) found that multiple kinase cascades, including Raf/ MEK/Erk, p90Rsk and Akt, were hyperactive in the cystic kidneys of mice with KSP-Cre-driven inactivation of Bhd. ERK, Rsk1 and Akt all directly phosphorylate and inactivate tuberin, thereby leading to mTOR activation (Manning et al., 2002; Tee et al., 2003a; Roux et al., 2004; Ballif et al., 2005; Ma et al., 2005; Rolfe et al., 2005; Cai et al., 2006) . Therefore, it is possible that in vivo, mTOR activation occurs not as a primary consequence of BHD mutations, but due to activation of kinases upstream of the TSC/Rheb/mTOR pathway. This could explain the low levels of phospho-S6 in the cysts and tumors in our mouse model, all of which were relatively small and likely represent early lesions.
It is also possible that the observed differences in mTOR activation reflect differences between loss of BHD expression in siRNA-treated cells and mutational inactivation of BHD in UOK257 cells, which have an insertion at nucleotide 1733, leading to a frameshift mutation (Yang et al., 2008) . Interestingly, nearly all identified BHD mutations are predicted to truncate prematurely the folliculin protein (Khoo et al., 2002; Nickerson et al., 2002; Schmidt et al., 2005; Vocke et al., 2005; Leter et al., 2008) . Most identified germ-line mutations are either frameshift or nonsense mutations, The number of ENU-treated Bhd +/À mice with cysts compared to ENU-treated wild-type mice with cysts was statistically significant (Po0.05), two-tailed Fisher's exact test. b The number of cysts per mouse in ENU-treated Bhd +/À mice compared to both ENU-treated wild-type mice, and untreated Bhd +/À mice 3-6 months of age, was statistically significant (Po0.005), likelihood ratio test. and roughly 44% occur in a 'hot spot' for BHD frameshift mutations in a poly-C tract within exon 11 . It is possible that truncation of folliculin removes a C-terminal region involved in mTOR inhibition or leads to a dominant negative effect, whereas loss of the entire protein removes an N-terminal region required for mTOR activation. Finally, it is possible that folliculin regulates mTOR in a cell type-or context-specific manner that is not fully recapitulated by either the cell culture experiments or the targeted inactivation in vivo. However, we found that BHD knockdown resulted in a reduction of phospho-S6 (Ser 235/236) in three cell types: U251, HEK293 and HK-2.
The mice reported here are the first Bhd mouse model that develops solid renal tumors. Previous animal models of BHD include the German Shepherd dog, which develops hereditary multifocal renal cystadenocarcinoma and nodular dermatofibrosis (Lingaas et al., 2003) , the Nihon rat, which develops renal cell adenomas and carcinomas, both cystic and solid in nature (Hino et al., 2001; Okimoto et al., 2004a, b; Kouchi et al., 2006) , and the previously discussed mice with Cre-driven inactivation of Bhd in the kidney, which die of renal failure by 3 weeks of age, some of which develop cystic RCCs Chen et al., 2008) . The solid tumors in our Bhd þ /À mice were composed of oncocytic cells with variable nuclear pleomorphism, reminiscent of the spectrum of tumors found in BHD patients, which include chromophobe renal tumors and oncocytic hybrid tumors Murakami et al., 2007) . In addition to providing a model of BHD renal carcinogenesis, this is also, to our knowledge, the first mouse model of oncocytic and chromophobe renal tumors. Although BHD mutations are not frequent in sporadic chromophobe renal carcinomas (Nagy et al., 2004) , Warren et al. (2004) observed weak to absent BHD mRNA levels in renal oncocytomas, chromophobe renal cancer and oncocytic hybrid tumors, which is in contrast to the high BHD mRNA levels observed in other cancers including breast, ovarian and prostate. Intriguingly, we have observed weak or absent phospho-S6 levels in sporadic oncocytomas and chromophobe RCCs, in contrast to high levels of phospho-S6 in the majority of sporadic clear cell renal carcinomas (Robb et al., 2007) .
In conclusion, we report here that loss of folliculin leads to mTOR pathway inhibition both in vitro and in vivo, consistent with data from S. pombe in which the Bhd and Tsc pathways have opposing roles in aminoacid homeostasis. We speculate that the most 'ancient' evolutionarily conserved function of folliculin is related to mTOR activation. In more complex organisms folliculin may have additional context-specific regulatory functions, highlighting the potential complexity of mTOR regulation in cells carrying BHD mutations. Understanding the function of folliculin in mTOR regulation may elucidate not only the pathogenesis of BHD syndrome, but also the pathogenesis of sporadic chromophobe and oncocytic-hybrid renal carcinomas and the normal homeostatic regulation of mTOR activity. Finally, these studies may contribute to the development of targeted therapeutic strategies for BHD patients, which are urgently needed.
Materials and methods

Cell culture and reagents
Human glioblastoma cells (U251) and HEK293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) plus 10% fetal bovine serum (FBS). Immortalized human kidney proximal tubule epithelial (HK-2) cells (American Type Culture Collection, Manassas, VA, USA) were maintained in DMEM plus 10% FBS and ITS liquid media supplement (Sigma, St Louis, MO, USA).
Real-time quantitative reverse transcription-PCR analysis 5 0 -Nuclease assays using TaqMan chemistry or SYBR Green assays were run on a 7900 HT sequence detection system (Applied Biosystems, Foster City, CA, USA) using universal PCR master mix or Power SYBR Green (Applied Biosystems). FirstChoice Human Total RNA Survey Panel (Ambion) was used for qRT-PCR comparison of BHD mRNA levels in 20 human tissues. Each pool is composed of RNA from at least 3 tissue donors. For comparison of BHD mRNA levels in human cancer cell lines, mRNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA). The sequences of the primers and probe for human BHD were: forward: 5 0 -CAAGGCGCTCAAGGTGTTT-3 0 ; reverse: 5 0 -AATGGC GTGAAGGCTGTGT-3 0 ; probe: 6FAM-AGTTTGGATGC CCACAGCGTGCT-BHQ1.
For comparison of Bhd mRNA levels in Bhd þ / þ and Bhd þ /À mice, RNA was prepared from each kidney of two mice of each genotype (RNeasy kit; Qiagen, Valencia, CA, USA). Real-time RT-PCR was performed using primers amplifying over the junction of exons 9 and 10 (forward: 5 0 -TGGTCCAT TCAGCGTTTGAA-3 0 ; reverse: 5 0 -AGGGATAGGCACG GGAGG-3 0 ). For each sample, two reverse transcription reactions were performed with 100 and 20 ng of input RNA.
Cycle threshold values were converted to quantities (in arbitrary units) using standard curve (five points, fivefold dilutions) established with a calibrator sample. Quantitative real-time RT-PCR results were normalized to TATA-binding protein mRNA levels. For each sample, the two values of relative quantity (from two PCR assays) were averaged.
Small-interfering RNA transfections
To knockdown TSC2 and BHD mRNA levels, cells were treated with 100 nmol TSC2, BHD or control siRNA (Dharmacon, Lafayette, CO, USA) for 24 or 48 h and either serum starved, grown in 10% FBS or serum starved overnight followed by 15 min of 20% FBS to stimulate the mTOR pathway.
Western blotting Cells were lysed in radioimmunoprecipitation assay buffer (50 mM Tris (pH 8), 150 mM NaCl, 2 mM PMSF, 0.1% SDS, 1% Triton-X and 1% deoxycholic acid), and 20 mg of total protein was loaded on 4-20% SDS-PAGE gels (Bio-Rad Laboratories, Hercules, CA, USA). Proteins were transferred onto Immobilon membranes (Millipore, Billerica, MA, USA) for western blotting with the following antibodies: antiphospho-S6 (Ser 235/236) (Cell Signaling Technology, Danvers, MA, USA), anti-tuberin (TSC2 (Abcam, Cambridge, MA, USA)), anti-FLCN (a rabbit polyclonal antibody generated against a 20 amino-acid peptide comprising the C terminus of folliculin: Ac-CYKSHLMSTVRSPTASESRN-OH), anti-FLCN (a mouse monoclonal antibody against folliculin (Baba et al., 2006) , the generous gift of Dr Laura Schmidt, National Cancer Institute, Bethesda, MD, USA) and anti-b-actin (Cell Signaling Technology). Western blots were developed using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ, USA).
Development of mice with targeted disruption of Bhd
The ES cell line RRX115 from BayGenomics containing a gene trap bgeo (b-galactosidase/neomycin) cassette that has integrated between exons 8 and 9 in the Bhd gene was used. The bgeo cassette contains a splice acceptor site upstream of the bgeo sequences. During mRNA processing, this splice acceptor site is recognized and results in fusion of the bgeo cassette with exon 8 of Bhd, creating a fusion protein and truncation of the folliculin protein. Disruption of Bhd mRNA by the gene trap vector was confirmed in the ES cells by RT-PCR using an upstream primer in Bhd exon 7 (5 0 -CCAGATGGAGAAGCTTGCTG-3 0 ), and a downstream primer in the b-gal sequence of the gene trap (5 0 -CGATTAA GTTGGGTAACGCC-3 0 ). The Bhd mutant RT-PCR band (366 bp) can be distinguished from wild-type Bhd using a downstream primer in exon 9 (5 0 -CATGCCAAGCCAACAT ACGG-3 0 ), which results in a 250-bp RT-PCR product. The ES cells were injected into blastocysts from C57BL/6 mice and implanted into pseudopregnant female C57BL/6 mice. Chimeric pups were backcrossed with C57BL/6 mice. Mice were genotyped using the following primers designed to recognize either wild-type or gene-trapped BHD DNA: wild-type and mutant forward primer in intron 8: 5 0 -GTG TGGAGGTACATACATGTGTGCC-3 0 ; wild-type reverse primer in intron 8: 5 0 -AGTACCACCCCCCGTCAGTAA TTCC-3 0 (533-bp PCR product); mutant reverse primer in bgeo: 5 0 -CCTGGCCTCCAGACAAGTAGATCC-3 0 (460-bp PCR product). All mice were subsequently crossed into a C57BL/6 background.
For ENU experiments, Bhd heterozygous mice were crossed in timed matings and E14 pregnant mice were injected with 50 mg/kg ENU (Sigma) intraperitoneally. After birth, pups were genotyped and analysed between 3 and 5 months of age.
All animal work was performed in accordance to protocols approved by the Institutional Animal Care and Use Committee of Fox Chase Cancer Center.
Immunohistochemistry
Paraffin sections were deparaffinized, rehydrated, boiled in 10 mM sodium citric buffer (pH 6.0; Sigma) and blocked with 3% hydrogen peroxide in methanol. The sections were incubated with rabbit polyclonal antibody against phospho-S6 (Ser 235/236) (Cell Signaling Technology) overnight at 4 1C, developed using the Histostain-Plus kit (Invitrogen) and lightly counterstained with hematoxylin (Biomeda, Burlingame, CA, USA). For mouse tissues, EnVision þ System-HRP labeled polymer (DakoCytomation, Carpinteria, CA, USA) was used in place of the rabbit secondary antibody and Histostain-Plus kit HRP-Streptavidin was used to reduce background staining of the kidney. Negative control included substitution of phosphate-buffered saline for the primary antibody. Cysts and tumors were scored for phospho-S6 staining using a scale of negative (À), weakly positive ( þ ), moderately positive (2 þ ) or strongly positive (3 þ ) (Robb et al., 2007) .
Statistical analysis
A single hematoxylin and eosin (H&E)-stained cross section through the largest dorsoventral section of each kidney was scored for renal cysts and tumors. A two-tailed Fisher's exact test was used for statistical analysis to compare the number of mice with one or more cysts between wild-type and Bhd þ /À mice treated with ENU, and to compare the number of mice with one or more cysts between untreated and ENU-treated Bhd þ /À mice. A likelihood ratio test was used to compare the means of two Poisson distributions to determine the statistical significance of the numbers of cysts per mouse between the ENU-treated Bhd þ /À mice and the untreated Bhd þ /À mice of similar age (o6 months) and to compare the numbers of cysts per mouse between the ENU-treated Bhd þ /À and ENU-treated wild-type mice. Significance was achieved at Pp0.05.
